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Introduction
Aminophenols constitute an interesting class of compounds for electropolymerization owing to the presence of reactive amino and hydroxyl units. It has been reported that the relative position of these units at the aromatic ring plays a significant role in the electrochemical reactivity of the molecule and, consequently, the electrochemical behavior of the three positional aminophenol isomers, ortho-, meta-and para-, is quite different [1] [2] [3] .
Despite some early controversy on the formation, or not, of polymeric films from the electrochemical oxidation of p-aminophenol, it seems now proved that in aqueous media the monomer can be electropolymerized to yield complex oligomeric products whose chemical structure is strongly dependent on the pH of the working solution [4] . The electro-oxidation of m-aminophenol has been scarcely investigated because it yields an electroinactive polymer that blocks the electrode surface and shows a crosslinked structure similar to polyphenol [3, 5] .
On the contrary, it is well documented that o-aminophenol can be electrochemically polymerized in acidic medium to yield an electroactive polymeric material that shows phenoxazine ladder structures [3, 6] . It was also suggested that the products formed upon oaminophenol electrochemical oxidation depend on the pH of the polymerization solution [7] although it is worth noting that similar structure and properties can be obtained regardless of the polymerization method employed, either chemical or electrochemical [1] .
Comparisons have been also made in the literature between chemical and electrochemical polymerization products obtained from other aromatic anilines, with special attention paid to diamines [8] . It is usually found that the chemical polymerization methods result in higher polymer yields although oligomeric by-products are difficult to remove from the reaction mixture. On the other hand, electrochemical polymerization offers the advantage that the fine control of the anodic potential avoids polymer overoxidation and, consequently, materials with less defects can be isolated on the electrode surface. The formation of nonconducting films upon electrochemical oxidation could prevent polymer growth and such a possibility should be taken into account mostly, although not exclusively, in experiments conducted in neutral and alkaline media.
Chemical and electrochemical polymerization of alkyl ring-substituted anilines has attracted interest because of the possibility to improve the poor solubility of unmodified polyaniline and, besides, to investigate the effect of blocking specific ring polymerization sites with electron-donor substituents [9] [10] [11] . However, to the best of our knowledge, there is still no report dealing with the chemical or electrochemical polymerization of alkyl ringsubstituted aminophenols. In the present work, an attempt has been made to synthesize a polymer from both routes and to analyze the effect of the presence of a voluminous alkyl group on the well-studied polymerization process of aminophenols. It is known that the presence of bulky groups attached to the aromatic ring may avoid ππ-stacking between vicinal chains of the resulting polymer and this could lead to an improvement in solubility and processability of the resulting material. To achieve these goals, 2-amino-4-tert-butylphenol (2A-4TBP) has been selected as the monomer species and different spectroscopic techniques have been applied to the characterization of the oxidative polymerization products.
Experimental
The solutions employed for polymerization were 1.0 M HClO4, prepared from Merck Suprapur concentrated acid and 18.2 M cm water obtained from an Elga Labwater Purelab system. 2-amino-4-tert-butylphenol monomer was purchased from Merck. Ammonium persulfate, from Merck, was used as the oxidant for chemical polymerization.
Cyclic voltammetry experiments were carried out in a conventional three-electrode cell under N2 atmosphere. The working electrodes used were either platinum or ITO and a platinum wire was used as the counter electrode in all cases. All potentials were measured against the reversible hydrogen electrode (RHE) immersed in the working solution through a Luggin capillary. Cyclic voltammograms were recorded at a constant sweep rate of 50 mV s -1 and at room temperature. The polycrystalline platinum electrodes were thermally cleaned and subsequently protected from the laboratory atmosphere by a droplet of ultrapure water. ITO electrodes were cleaned with acetone and ultrapure water. Chemically produced polymers were deposited on the working electrodes by casting a small volume of suspension containing 1 mg mL -1 material in THF solvent.
In situ UV-Vis spectra of polymers were recorded with a V-670 spectrometer from JASCO, which is equipped with a double monochromator system and a photomultiplier tube detector. A Nicolet 5700 spectrometer equipped with a nitrogen-cooled MCT detector was employed for the in situ FTIR experiments. The working Pt disc electrode was mounted on a glass tube and its 1.0 cm 2 surface was mirror-polished using alumina powder. The spectroelectrochemical cell was made of glass and was provided with a prismatic CaF2 window beveled at 60°. Spectra were collected at 8 cm The first UV-Vis spectrum collected at 0.05 V shows one main absorption feature at 558 nm. The intensity of this peak remains almost constant at potentials below 0.45 V but rises sharply above that value. Such a behavior suggests a redox transformation of the oligomeric material, with the absorption probably associated with a benzenoid-to-quinoid transition related to polaronic moieties formed upon electrochemical doping [12] . Such a band is slightly blue-shifted with respect to polyaniline and closer to the polaronic transitions observed for other ring-substituted polyanilines, indicating the presence of polaronic domains with short conjugated segments. However, the formation of quinone-like moieties upon oligomer oxidation could also contribute significantly to this band [13] . The occurrence of a redox polaronic transformation in poly(2A-4TPB) is also supported by other spectral features in Fig 2. Specifically, the spectrum acquired at 0.65V shows the appearance of three additional bands centered at 397, 416 and 447 nm. The former one can be assigned to a polaron-π* transition, where polarons are isolated one from another reflecting low electrical conductivity of the oligomeric material [14] . Regarding the other two features it is worth mentioning that, according to literature data on polyaminophenols, electronic absorptions in the 410-450 nm range can be attributed to the progressive formation of radical cations in phenoxazine rings or, alternatively, to the occurrence of N-N coupling to form azobenzene derivatives [15] [16] [17] [18] . In the present case, both structures are probably promoted by the presence of the voluminous tertbutyl group in meta position relative to the nitrogen atom, which tends to hinder the C-N para-coupling and hydrazine-type dimers could be formed due to such steric hindrance [19] . Finally, the band at 742 nm, whose intensity remains almost constant at increasing potentials, is of uncertain nature but it has been assigned either to the bipolaronic transition in para-coupled polyaniline derivatives or to the polaron transition in poly(o-aminophenols) [15, 16] . According to these results, poly(2A-4TBP) seems an oligomeric product originated from a variety of C-N, C-O and N-N monomer couplings.
In situ FTIR spectroscopy has been used to confirm the existence of a redox transition in the electrochemically deposited poly(2A-4TBP). The filmed Pt electrode was transferred to the IR spectroelectrochemical cell, which contained a free of monomer test solution prepared with D2O to facilitate assignments in the 1500-1700 cm -1 spectral range. After some potential cycles, the Pt surface was carefully pressed against the prismatic CaF2 window, a reference spectrum was then collected at 0.1 V and, finally, the potential was stepped to higher values to collect sample spectra. By referring each sample to the unique reference, we can obtain information on the redox transformations undergone by the oligomeric material as a function of the applied potential. The computed in situ FTIR spectra are displayed in Fig. 3 within the frequency range 1100-2200 cm -1 . There, the presence of several negative (downward) and positive (upward) bands reveals the activation of vibrational modes at increasing potentials, which is a characteristic behavior of reversible oxidation processes.
In fact, since no spectral features appear in the spectra obtained at 0.3 V and 0.4 V, it can be inferred that poly(2A-4TBP) cannot be oxidized at so moderate potentials. This observation is consistent with the results obtained from the in situ UV-vis experiments in Fig.   2 . On the contrary, several IR absorption bands appear in the spectra collected from 0.5 V. Table 1 . Between the two main bands clearly related with the reduced form of poly(2A-4TBP), the feature appearing at 1518 cm -1 can be unambiguously assigned to the progressive vanishing of the aromatic C-C stretching due to oligomer oxidation, whereas the peak at 1312 cm -1 is related with the parallel transformation of secondary aromatic amines.
The high intensity reached by the former feature is probably due to the presence of the electron-donor alkyl group in the aromatic ring [20] . The band at 1445 cm -1 has been sometimes attributed to the skeletal C-C stretching vibration of the aromatic ring, although the interpretation of this band is not unanimous. Apart from the C-C stretching, it has been also ascribed either to the existence of N-N coupling or to the formation of phenazine structures in polyaniline derivatives [21, 22] . In our case, owing to the presence of adjacent alcohol and voltammetric cycles was rinsed with ultrapure water, dried under nitrogen and then analyzed by XPS. Fig. 4 shows the photoelectronic spectra of C 1s, N 1s and O1s core levels. The C 1s
signal can be fitted with a major peak at 284.6 and two minor peaks at 285.9 and 287.8 eV.
The main role corresponds unambigously to aromatic carbon, while the 285.9 eV contribution can be assigned to aromatic carbon bound to either amine or imine neutral nitrogen and also to oxygen-containing ether structures in the form of phenoxazine [25, 26] , which are not discerneable. The binding energy of the negligible peak at 287.8 eV is probably too high to correspond to a carbonyl environment [27] and, consequently, it can be assigned better to a π-π* shake-up transition from the C 1s parent peak involving benzenoid rings. These signals are characteristic of low-conducting polymer systems showing extended unconjugated aromatic domains. With regard to the N 1s spectrum, it can be fitted with only two contributions showing maxima at 399.7 and 401.9 eV, respectively. The first one is attributed to neutral species that may correspond to amine, azo and imine groups, as these species do not show significantly different chemical shifts. The higher binding energy peak can be assigned to positively charged N + atoms resulting from the protonation of imine centers [28, 29] , although the N + /N ratio derived from Fig.4 is only 13%.
Finally, the O 1s core level spectrum has been deconvoluted into three peaks at 529.8, 532.3 and 533.6 eV. The intermediate feature at 532.3 eV can be assigned to quinone/carbonyl compounds [30] , while the high energy peak at 533.6 eV is clearly related with the presence of C-O-C in phenoxazine species [26] . It is known that the O 1s main signal tends to be affected by spurious signals coming from extrinsic oxygen-containing species.
Such an effect is particularly significant when samples are constituted by organic thin films deposited on Pt electrodes. This is the case of the 529.8 eV peak, which comes mostly from Pt-OH although a small contribution from carboxylic C=O species at over-oxidized polymer chains cannot be fully rejected. In essence, the XPS results presented in this section are compatible with the presence of both phenoxazine and azo-derivatives and support the assignments made above from in situ UV-vis and FTIR experiments.
Chemically polymerized 2A-4TBP
To carry out the chemical polymerization of 2-amino-4-tert-butylphenol, the compound was dissolved in 1.0 M HClO4 until a concentration of 15 mM was attained. The polymerization was started after the addition of an equimolar ratio of ammonium persulfate in a vigorously stirred ice bath at 0°C. After 22 hours, the purple polymerization product was thoroughly washed with 1.0 M perchloric acid and then dried under dynamic vacuum for 3
hours. The material recovered after polymerization approaches 68%. For the electrochemical measurements, a platinum electrode coated with poly(2A-4TBP) was prepared by casting a drop of solution containing 1 mg/mL polymer on the metal substrate and then evaporating the solvent. intensity at higher potentials show these vibrational modes are unequivocally related with the oxidized state of the polymer. In fact, the higher frequency band can be assigned to the C=C stretching vibration of quinoid rings, which is here more intense and shifted to lower wavenumbers than in Fig.3 , whereas the 1190 cm -1 feature is attributed to a combination of quinoid C-N-C stretching and C-H in-plane bending [24, 30, 31] . The assignment of the 1280 cm -1 peak is uncertain but, according to previous literature data, it can be attributed to the persistence of persulfate ions which were employed as the oxidizing agent [32] . On the other hand, the occurrence of a reversible oxidation process is supported by the parallel development of the quinone-imine C=N stretching band at 1605 cm -1 , which appears also slightly downshifted with respect to Fig. 3 . Since the quinoid C=C stretching is displaced to lower frequencies, it overlaps with the aromatic C-C stretching of benzenoid rings, that usually appears as an upward band at around 1510 cm -1 in polyaniline derivatives [21, 23] .
Therefore, the aromatic C-C stretching band results perturbed and this is probably the reason for the spurious absence of a clear positive feature in the spectra of Fig. 7 .
On the other hand, the positive-going band at 1406 cm -1 can be ascribed to an N=N stretching vibration pointing to the formation of azo-derivatives by N-N coupling, as suggested above for the electrochemically synthesized polymer. With regard to the 1330-1400 cm -1 frequency range, several downward peaks are probably related with different order C-N stretching vibrations of oxidized poly(2A-4TBP). It is worth noting that, in parallel to the electrochemical polymer, quinones are also formed by degradation of this material at 0.9V, as deduced from the 1650 cm -1 shoulder appearing at such a potential. It can be concluded that, despite some minor differences related with the higher electroactivity of the chemically synthesized polymer, the redox process looks structurally similar for both, chemical and electrochemical materials and, consequently, the species formed upon oxidation are analogous.
To gain more insight on the chemical structure of chemically produced poly(2A-4TBP), an XPS characterization of the sample has been also undertaken. 
